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We experimentally investigate the clogging and jamming of interacting paramagnetic colloids
driven through a quenched disordered landscape of fixed obstacles. When the particles are forced
to cross a single aperture between two obstacles, we find an intermittent dynamics characterized by
an exponential distribution of burst size. At the collective level, we observe that quenched disorder
decreases the particle flow, but it also greatly enhances the ”faster is slower” effect, that occurs when
increasing the particle speed. Further, we show that clogging events may be controlled by tuning the
pair interactions between the particles during transport, such that the colloidal flow decreases for
repulsive interactions, but increases for anisotropic attraction. We provide an experimental test-bed
to investigate the crucial role of disorder on clogging and jamming in driven microscale matter.
PACS numbers: 47.56.+r, 82.70.Dd, 05.60.Cd
Particle transport through heterogeneous media is
a fundamental problem across several disciplines as
physics, biology and engineering. In condensed matter,
the inevitable presence of quenched disorder affects the
transport properties of several systems, from vortices in
high Tc superconductors [1, 2], to electrons on the surface
of liquid helium [3], skyrmions [4], and active matter [5].
At the macroscopic scale, disorder in form of obstacles,
wells or barriers severely alters the flow of bubbles [6, 7],
granular media [8, 9], bacteria [10], sheep [11] or pedestri-
ans [12]. Already a collection of particles that are forced
to pass through a small constriction displays a complex
dynamics, including flow intermittency, a precursor of
blockage via formation of particle bridges and arches.
The latter general phenomenon is known as clogging,
and is responsible for the flow arrest in different tech-
nological systems, from microfluidics, to silo discharge,
and gas and oil flow through pipelines. Clogging is also
directly related to jamming, which occurs when, above a
threshold density, a loose collection of elements reaches
a solid-like phase with a finite yield [13]. Jammed sys-
tems are associated with the existence of a a well defined
rigid state and a new type of zero-temperature critical
point [14, 15]. In contrast, the local and spatially het-
erogeneous nature of clogging makes this phenomenon
more difficult to characterize and to control, despite its
technological relevance.
In previous experimental realizations, clogging has
received much attention at the level of a single bot-
tleneck [16], while studies addressing the dynamics of
microscale systems driven through heterogeneous land-
scapes are rather scarce [5]. In contrast, recent theo-
retical works demonstrated the rich phenomenology of
transport and clogging across ordered [17, 18] or disor-
dered [19, 20] landscapes. The advantage of using col-
loidal particles as model systems for clogging is their flex-
ibility, since external fields may be used to create driving
forces for transport, or to tune in situ the pair interac-
tions.
Here we experimentally investigate the flow proper-
ties of a monolayer of paramagnetic colloidal particles
that is driven across a heterogeneous landscape composed
of disordered obstacles. We find that already the pres-
ence of few obstacles significantly alters the collective dy-
namics by creating regions where clogs, intermittent and
free flow coexist. The system mean speed decreases by
increasing the density of flowing particles or obstacles.
When increasing the particle speed, we find an overall
decrease of the mean speed, and this provides an exper-
imental evidence of the ”faster is slower” (FIS) effect.
Further, we show how to control and reduce the forma-
tion of clogs by tuning the pair interactions between the
moving colloids. These findings remark the importance
of particle speed and interactions on the clogging process.
We transport paramagnetic colloidal particles with di-
ameter dm = 2.8µm by using a magnetic ratchet ef-
fect generated at the surface of a uniaxial ferrite gar-
net film (FGF). The FGF is characterized by a parallel
stripe pattern of ferromagnetic domains with alternat-
ing up and down magnetization normal to the substrate,
and a spatial periodicity of λ = 2.6µm at zero applied
field, Fig.1(a). To introduce quenched disorder in the sys-
tem, we use silica particles with a diameter do = 5µm,
thus larger than the magnetic colloids and distinguish-
able from them. Previous to the experiments, the parti-
cles are let sediment on top of the FGF, and irreversibly
attached there by screening the electrostatic interactions
via addition of salt. Afterwards, the substrate is dried
and refilled with the paramagnetic colloids, see [21] for
more details. Using this procedure, we generate a random
array of obstacles evenly distributed across the FGF film.
The corresponding disorder is spatially uncorrelated and
has no detectable features of ordering, as shown by the
absence of secondary peaks in the pair correlation func-
tions g(r) of the silica particles, calculated for different
samples in Fig.1(b).
ar
X
iv
:1
71
2.
05
32
1v
1 
 [c
on
d-
ma
t.s
of
t] 
 14
 D
ec
 20
17
2FIG. 1. (a) Schematic of the traveling wave potential generated at the surface of the FGF when subjected to a rotating
magnetic field. (b) Pair correlation function g(r) of the silica particles for 3 samples with different number of particles N .
For clarity the g(r) are rescaled along the yˆ axis. (c) Mean particle speed 〈vx〉 versus driving frequency ω in the obstacle-free
case. Blue [red] fit to the data indicates the synchronous, 〈vx〉 = vm [asynchronous, 〈vx〉 = vm(1 −
√
1− (ωc/ω)2)] regime,
being ωc = 66.8rads
−1 the critical frequency. (d) Experimental images of a monolayer of paramagnetic colloids (black circles)
driven through a disordered landscape of silica particles (white circles) towards right (xˆ > 0). The particle trajectories are
superimposed in blue on the image at the right (t = 1.3s). Scale bar is 20µm, see also MovieS1 in [21].
The transport mechanism was previously introduced
for an obstacle-free substrate [22, 23], and here will
be briefly described. Above the FGF, the paramag-
netic colloids are driven upon application of a rotat-
ing magnetic field polarized in the (xˆ, zˆ) plane, H =
[Hx cos (ωt)eˆx−Hz sin (ωt)eˆz], with frequency ω and am-
plitudes (Hx, Hz). The applied field modulates the stray
magnetic field at the FGF surface, and generates a pe-
riodic potential that translates at a constant and fre-
quency tunable speed, vm = λω/(2pi). The potential is
capable of transporting the colloidal particles that are
trapped in its energy minima, Fig.1(a). As shown in
Fig.1(c), by varying the driving frequency, the particles
undergo a sharp transition from a phase-locked motion
with 〈vx〉 = vm (synchronous regime), to a sliding dy-
namics (asynchronous regime) resulting from the loss of
synchronization with the traveling potential. Through-
out this work, we restrict the angular frequency to the
former regime, and vary ω to tune the particle speed.
Given the strong magnetic attraction of the FGF, the
particle motion is essentially two-dimensional, with neg-
ligible out-of-plane thermal fluctuations. Further, the ra-
tio between the field amplitudes Hx/Hz will be used to
tune the pair interactions. However, unless stated other-
wise, we initially set this ratio to Hx/Hz ∼ 0.7 such to
minimize these interactions and obtain an hard-sphere
like behavior.
Fig.1(d) shows two experimental images of a dense col-
lection of paramagnetic colloids driven against N = 80
silica particles. From the trajectories, it emerges that the
magnetic colloids surpass the silica particles by following
a path similar to laminar flow. We use an upright micro-
scope equipped with a CCD camera, to record real-time
videos of the system dynamics, and analyze different sub-
sets of a total field of view of 145×108µm2. We then de-
termine the positions (xi(t), yi(t)) of each magnetic col-
loid i = 1...N via particle tracking routines [24], and
measure the instantaneous velocity vx(t) =
1
N
∑
i
dxi
dt ,
and its mean value 〈vx(t)〉, with the time-average taken
in the stationary regime. Both quantities for Fig.1(d) are
shown in [21].
We start by analyzing the particle flow at the level of
a single aperture, such as a pair of silica particles sep-
arated by a surface to surface distance d ≥ 3µm in a
cluster of connected obstacles. The complete trapping
of the particles by the obstacles (〈vx〉 = 0) is observed
for lower distances. In general, we find an intermittent
flow of the magnetic colloids for distance d . 4µm, when
the aperture is normal to the driving direction. Larger
aperture between the obstacles, as the one shown in the
inset of Fig.2, were found to arrest the flow only when the
vector joining the obstacle’s centers is not perpendicular
to xˆ. The intermittent flow arises from the simultane-
ous arrival of the paramagnetic colloids at the aperture,
and their accumulation in a close packed state, thus lo-
cally jammed. If compared to arches formation in gran-
ular systems [9, 25], we find that the combined effect of
hydrodynamic lubrication between the particles and the
oscillations induced by the magnetic ratchet make these
states rather fragile. We analyze different cases, and in all
of them we measure the distribution P (t > tp) of time
lapse t > tp between the particles passing through the
aperture, as shown in Fig.2. For all driving frequencies
explored, we find that P displays a power law tail, with
an exponential distribution of burst size S. These ob-
servations confirm the universal feature of P , as similar
results were demonstrated in the past with sheep, gran-
ular particles and numerical simulations of sedimenting
colloids [16].
Next, we analyze the collective dynamics across the
whole landscape by varying the area fractions of mag-
netic colloids, Φm and obstacles, Φo. Here Φj =
3FIG. 2. Histograms of burst size S rescaled with respect to
〈S〉 and measured for different driving frequencies ω. The
dashed line is an exponential fit to the data as guide to the
eye. The lower temporal limit used to define the bursts
is tp = 0.4s, the average burst sizes are 〈S〉 = 2.5 for
ω = 18.8rads−1, 〈S〉 = 1.9 for ω = 37.7rads−1 and 〈S〉 = 1.7
for ω = 50.3rads−1. All data are taken for an applied field
with Hx = 620Am
−1, Hz = 950Am−1. Top inset: The com-
plementary cumulative distribution function P of time lapses
t > tp for magnetic particles passing through two silica ob-
stacles. The small microscope image at the bottom shows the
considered aperture.
Njpi(dj/2)
2/A, being Nj the number of elements j hav-
ing diameter dj and located in the area A. In Fig.3(a) we
show the different dynamic phases in the (Φm,Φo) plane
in terms of the normalized mean speed, thus 〈vx〉/vm ∈
[0, 1]. The particle flow is maximal at low obstacle den-
sity, Φo < 0.07, where few silica particles are unable to
arrest the motion of magnetic colloids. However, we find
a decrease of the mean speed 〈vx〉/vm ∼ 0.25 on the left,
lower corner of the diagram (Φm < 0.1,Φo < 0.07). In
this situation, the magnetic colloids that hit the obsta-
cles at the center are not scattered, but remain trapped
there as long as other particles do not release them via
collision. A similar feature has been observed recently
via numerical simulations of driven disks across a dis-
order landscape [26]. Increasing Φo reduces the system
mean speed, as now flowing regions 〈vx〉 ∼ vm, coex-
ist with clogged ones 〈vx〉 = 0. The latter states how-
ever, may be easily unclogged by inverting the particle
flux, that corresponds to reversing the sense of rotation
of the applied field, Hx ↔ −Hx, see Fig.2 and MovieS2
in [21]. This extended region of ”abnormal flow” includes
also cases where the system was almost completely ar-
rested 〈vx〉/vm ∼ 0.3, but it could be again fluidized by
reversing the applied field. At larger obstacle density,
Φo > 0.25, the silica particles percolate through the sys-
tem and surround the magnetic colloids, thus impeding
any net movement. Here the system forms a solid-like
or ”jammed” phase from the very beginning, and can-
not be refluidized by the applied drive, see Fig.3 and
MovieS4 in [21]. Thus, in our system we never observe
fully clogged states, where the mean speed vanishes after
a transitory period, and that can be refluidized by invert-
ing the particle current [27]. In contrast, we observe that
the presence of few obstacles strongly reduces the jam-
ming threshold where 〈vx〉 = 0 from the very beginning.
In absence of silica particles, the driven colloids will jam
near the close packing density, Φm = pi/2
√
3 ∼ 0.9. [28]
A small concentration of obstacles Φo = 0.25 reduces the
jamming threshold to Φm = 0.3 or below.
In Fig.3(b) we investigate the effect of varying the driv-
ing frequency ω, and thus the particle speed on the sys-
FIG. 3. (a) Diagram in the (Φm,Φo) plane illustrating regions
of normal flow (〈vx〉/vm > 0.85), abnormal flow characterized
by coexistence of clogs and flowing particles (〈vx〉/vm . 0.85),
and jamming that was found below Φo ∼ 0.25. The mag-
netic particles are driven in the synchronous regime with
ω = 37.7rads−1. (b) ”Faster is slower” effect on a disordered
landscape: Normalized mean velocity 〈vx〉/vm versus driving
frequency ω for different disorder densities Φo. All data in (a)
and (b) where taken for Hx = 620Am
−1, and Hz = 950Am−1.
4FIG. 4. (a) Left: Polar plots of the dipolar interactions between two paramagnetic colloids calculated for Hx = 1.8Hz (top) and
Hx = 0.4Hz (bottom), with Hz = 950Am
−1. Red (blue) region denotes repulsion (attraction). Right: Experimental snapshots
of the corresponding situations realized with ω = 37.7rads−1, Φm = 0.3, Φo = 0.06, see also MovieS3 in [21]. (b) Normalized
particle velocities (vx, vy) versus time for the two cases. (c) Mean velocity 〈vx〉/vm versus amplitude of the in-plane component
Hx, at different disorder densities Φo, with ω = 37.7rads
−1 and Φm = 0.3.
tem dynamics, by keeping constant Φm = 0.25. We ex-
perimentally observe the ”faster is slower” (FIS) effect,
where the mean speed of the system decreases as ω in-
creases, i.e. the single particle velocity in the obstacle
free case. The FIS effect was originally observed when
simulating the dynamics of pedestrians trying to escape
through a narrow exit [29]. A recent surge of interest on
FIS [30] resulted from the possibility to observe a similar
effect in other systems [31], although its investigation has
been limited to a single aperture. On a collective level,
the effect of the velocity drop by an increase in the ap-
plied driving force has been reported by different theoret-
ical works in condensed matter systems [32–37], although
with no experimental evidence. Here, when considering
an heterogeneous landscape, we find that FIS is greatly
enhanced by disorder. For example a small area fraction
of obstacles Φo = 0.08, is able to reduce the speed of
a ∼ 45% with respect to the free case when increasing
the driving frequency from 6.3rads−1 to 50.3rads−1, as
shown in the magenta curve in Fig.3(b).
Our system further allows to tune the pair interactions
between the moving colloids by varying the amplitude
Hx of the in-plane field. Above the magnetically mod-
ulated FGF, the effective interaction potential between
two paramagnetic colloids can be calculated via a time
average [38]. In polar coordinates (r, ϑ) this potential can
be written as Ud = α[H
2
x(1 + 3 cos 2ϑ)− 2H2z ]/r3, where
α = χd3m/(96λ
3M2s ), χ = 0.4 is the effective volume sus-
ceptibility of the particles and Ms = 1.3 ·104Am−1 is the
saturation magnetization of the FGF. The previous equa-
tion shows that, at a fixed value of Hz, the sign of the pair
interaction is repulsive when Hx < Hz/
√
3 cosϑ2 − 1,
while being attractive in the other case. As shown in
Fig.4(a), the dipolar interactions between two colloids
are strongly anisotropic. We consider two representative
cases at fixed frequency, characterized by a complete re-
pulsion for Hx = 0.4Hz, and attraction (repulsion), for
Hx = 1.8Hz when the relative angle ϑ between the parti-
cles lies in the region ϑ ∈ [npi−ϑm, npi+ϑm] (otherwise).
Here n = 0, 1... and ϑm = 48.7
o gives the condition for
vanishing magnetic interactions. The corresponding dy-
namics for these two cases are analyzed in Fig.4(b) in
terms of the particle velocities parallel and normal to the
direction of motion, vx and vy respectively. We find that
the attractive interactions, combined with repulsion at
large ϑ, facilitate the formation of parallel trains of mag-
netic colloids that are able to easily move across the disor-
der landscape. These trains slide plastically through the
obstacles and, as a result, the amplitude of fluctuations
along the normal direction increases, being the variance
δvy = 1.15µms
−1 for the attractive case, the double than
in the repulsive case (δvy = 0.54µms
−1). This situa-
tion may appear, at a first glance, counter intuitive since
one mechanism of clogging in microchannels is the aggre-
gation of attractive particles at the entrance [7]. How-
ever, here the anisotropy of the pair interactions facili-
tate the system fluidization, as it induces the formation
of elongated structures with a certain flexibility, rather
than isotropic compact clusters. When Hx = 0.4Hz, the
driven monolayer has a larger inter-particle distance that
increases Φm, reducing the colloidal flow as shown in
Fig.3(a). We confirm this general trend by reporting in
Fig.4(c) the mean speed for different disorder densities.
We finally note that for the field strengths employed here,
Hx,z ∈ [0.3, 2]kAm−1, the magnetic dipolar interactions
between two particles at a distance dp are of the order
Ud ∈ [2, 95]kBT , thus higher than other interactions as
electrostatic or thermal ones.
To conclude, we studied the clogging process in a sys-
tem composed of an ensemble of interacting paramag-
netic colloids driven across a quenched disorder land-
scape. We have reported a rich phenomenology, includ-
ing the enhancement of the ”faster is slower” effect by
quench disorder and the role of the pair interactions on
5system collective transport. The understanding and con-
trol of clogging process along the lines of this work may
be important in different technological contexts and on
different length scales. A further potential avenue of this
work may be related to investigating the clogging transi-
tion and its connection to jamming in pinned systems, a
recent theoretical hot spot [39–41].
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